Transmission of influenza A virus (IAV) from humans to swine occurs with relative frequency and is a critical contributor to swine IAV diversity. Subsequent to the introduction of these human seasonal lineages, there is often reassortment with endemic viruses and antigenic drift. To address whether particular genome constellations contributed to viral persistence following the introduction of the 2009 H1N1 human pandemic virus to swine in the USA, we collated and analysed 616 whole genomes of swine H1 isolates. For each gene, sequences were aligned, the best-known maximum likelihood phylogeny was inferred, and each virus was assigned a clade based upon its evolutionary history. A time-scaled Bayesian approach was implemented for the haemagglutinin (HA) gene to determine the patterns of genetic diversity over time. From these analyses, we observed an increase in genome diversity across all H1 lineages and clades, with the H1-g and H1-d1 genetic clades containing the greatest number of unique genome patterns. We documented 74 genome patterns from 2009 to 2016, of which 3 genome patterns were consistently detected at a significantly higher level than others across the entire time period. Eight genome patterns increased significantly, while five genome patterns were shown to decline in detection over time. Viruses with genome patterns identified as persisting in the US swine population may possess a greater capacity to infect and transmit in swine. This study highlights the emerging genetic diversity of US swine IAV from 2009 to 2016, with implications for swine and public health and vaccine control efforts.
INTRODUCTION
Influenza A viruses (IAV) endemic in swine impact agricultural production and are an important animal and publichealth pathogen. In addition to strains adapted to the swine host, pigs may be infected by avian or human IAV, potentially leading to gene reassortment and the generation of novel strains. This process may play a role in the emergence of epidemic or pandemic strains in swine and human populations [1, 2] . Reassortment played a role in the evolution of the 2009 H1N1 human pandemic (H1N1pdm09; pdm-lineage), an IAV that contained a classical swine H1, PB2, PB1, PA, NP and NS segments from North American triplereassortant (TRIG or T) swine viruses, and NA and M segments derived from the Eurasian-avian H1N1 swine lineage [3, 4] . This pandemic underscored the need to understand the diversity and evolution of IAV in swine populations to inform animal and human health initiatives.
The diversity of IAV observed in swine populations is the result of the introduction of novel strains from other hosts, primarily humans, and reassortment with endemic viruses [5, 6] . Consequently, each of the eight genes of swine IAV may be attributed to lineages based on avian, human, or swine origin. An example of this process occurred in the late 1990s when a novel triple-reassortant H3N2 virus was identified throughout the swine population in the US [7] . This H3N2 rapidly spread through the US swine population, reassorting with endemic H1 viruses, typically exchanging HA and NA genes, but the triple reassortant internal gene (TRIG) constellation was maintained and is used to describe genes descended from this evolutionary lineage [8] . The origin of the HA gene reflects a similar dynamic, whereby the two major H1 HA lineages are the result of human-to-swine transmission and subsequent reassortment and drift [9] . The first HA lineage emerged coincident with the 1918 human pandemic, and genes from this lineage are colloquially named 'classical-swine'. The viruses in this lineage further evolved to one of four phylogenetic clades, H1-a (1A.1), H1-b (1A.2), H1-g (1A. 3.3.3) and H1N1pdm09 (1A.3.3.2) [7, 9, 10] . The second HA lineage was the result of two separate introductions of human seasonal H1 viruses into swine in the early 2000s and they are named the H1-d1 (1B.2.2) and H1-d2 (1B.2.1) viruses [10, 11] . This early 2000s spillover likely carried a human seasonal NA N2 into the US swine population, resulting in the delineation of the N2 gene by year: '1998' genes from the earlier H3N2 introduction versus '2002' from the 2000s human seasonal H1 introduction [12] . A more recent lineage descriptor for swine IAV in the US is the result of the introduction of H1N1pdm09. Although this virus has genes derived from the classical, triple reassortant and Eurasian swine lineages, its rapid dissemination and repeated reintroduction into swine populations [13] resulted in unique genetic clades that are named H1N1pdm09 (or pdm lineage).
One of the more striking patterns observed in swine H1 in the past 15 years is the amount of genetic diversity maintained within the H1 HA genes. In passive swine IAV surveillance from 2013 to 2014, 87 % of the H1 viruses in North America consisted of H1-d1 (37 %) and H1-g (50 %) viruses, and the remaining 13 % consisted of five clades representing between 0.2 and 5 % of the collected samples [9] . Similarly, in active surveillance, there is considerable variation in the detection of H1N1 and H1N2 subtypes [14, 15] , and in the detection of the different HA genetic clades [16] . Explanations for this variation have been attributed to swine production practices and ecology, host immunity, or virus biology. Vaccination programmes may decrease the abundance of homologous but not heterologous strains [17] , and production practices may facilitate migration of some strains due to inter-state swine movement [12] . Further, reassortment was also associated with antigenic evolution in the swine host [18] .
In 2009, the United States Department of Agriculture (USDA) initiated a national surveillance system for swine IAV, collecting virus isolates and sequencing HA, NA and M genes [19] . A subset of viruses maintained in the USDA IAV repository were also selected for whole-genome sequencing. To date, the surveillance system has collected whole genomes of over 600 H1 viruses from 22 states and contributed them to NCBI's GenBank over the past 6 years. These data provide the opportunity to study evolutionary trends and variation of swine H1 IAV whole genomes. Prior studies have reported reassortment between endemic swine viruses and H1N1pdm09 [19] [20] [21] [22] . In this work, we extended those analyses by collating and analysing publicly available whole-genome data from 2009 to 2016. We analysed these full genomes to identify the emergence, persistence, or extinction of whole-genome constellations over time.
RESULTS
Abundance of whole-genome patterns from 2009 to 2016 A total of 741 whole-genome sequences were collected; of these, 125 genomes were not unique, and were removed from further analyses. Consequently, our analyses used 616 whole genomes of H1 swine IAV collected from 24 US states from 2009 to 2016 (Table S1, available with the online Supplementary Material) . Our HA phylogenetic analysis (Fig. S1d) detected 7 different H1 clades: H1-g (234 sequences), H1-d1 (217 sequences), H1N1pdm09 (65 sequences), H1-d 2 (58 sequences), H1-b (31 sequences), H1-a (8 sequences) and H1-g2 (3 sequences). The NA phylogenetic analysis (Fig. S1f, g ) detected 4 NA lineages: N1-classical (255 sequences), N1-pdm (65 sequences), N2-1998 (46 sequences) and N2-2002 (250 sequences). There were 16 HA+NA combinations detected within the data: the H1-g/N1-classical pairing was the most abundant combination (225 detections), followed by H1-d1/N2-2002 (211 detections) and H1N1pdm09/N1-pdm (63 detections).
In addition to the clade designations of the surface genes, two lineages were found in the internal genes, TRIG (T) or pdm (P). These classifications, and that of the surface genes, were collated and labelled by lineage, colour-coded, and presented with the number of detections from 2009 to 2016 in Table 1 . The abbreviation and presentation of genome patterns followed gene segment numbering of IAV with the HA and NA removed and stated separately, resulting in the order of PB2, PB1, PA, NP, M and NS, e.g. H1-d1N2-2002 TTTTPT has a d1 HA, a 2002 NA, TRIG lineage PB2-PB1-PA-NP and NS, and a pdm M gene. There were 24 different combinations of internal genes. The most frequently detected internal gene combination was all TRIG internal genes except for a pdm matrix gene TTTTPT (146 detections), followed by the all TRIG internal gene combination TTTTTT (117 detections). The ratio of pdm lineage versus TRIG lineage varied among each gene. The matrix gene contained the largest percentage of pdm lineage genes (79 %) and the PB1 gene had the smallest percentage of pdm lineage genes (13 %).
Seventy-four distinct whole-genome patterns were detected among the viruses with published whole-genome sequences, but only 19 genomes were observed more than 5 times during the 8-year period. There were three genome constellations occurring significantly more often than other genome constellations over the duration of the study period. Those genomes were H1-d1N2-2002 TTTPPT, H1-d1N2-2002 TTTTPT and H1-gN1-classic TTPPPT (denoted by an asterisk in Table 1 ).
Among the 74 genome combinations that were detected, these were further distilled into 47 NA+internal gene combinations to assess patterns by H1 clade. Only 16 of the 47 NA+internal patterns occurred more than 5 times. The remaining 29 combinations were annotated as 'miscellaneous'. Three NA+internal combinations occurred in multiple H1 clades: N1-classic TTTTTT occurred in both H1-b and H1-g clades; N2-2002 TTTTPT and N2-2002 TTTTTT occurred in both H1-d1 and H1-d2 clades. Each NA+inter-rnal combination was labelled by a specific colour, as described in Table 1 , for the further analyses described below. (Fig. 1b) . The branches were coloured based upon the NA+internal combinations presented in Table 1 . An increase in the number of genome patterns was demonstrated in viruses of both classical and the 2002 human seasonal spillover lineages, H1-d, and this was especially apparent after 2010. Within the classical H1 lineage, the H1-g clade contained the greatest number of genome patterns with 16 NA+internal patterns. The H1-a clade had the fewest, with four NA+internal patterns, followed by H1-b with nine NA+internal patterns. Although the H1-pdm was paired with 13 different NA+internal patterns, only N1-P PPPPPP had an abundance over 5. The limited number of human H1-pdm sequences included in this swine-specific analysis led to disproportionate branch lengths compared to a tree with an equal balance of swine and human H1-pdm sequences; the branch lengths do not imply that the H1N1pdm09 circulates widely in pigs in the US without continual spillover from humans. The H1-d1 was paired with 17 NA+internal combinations and the H1-d2 with 12 NA+internal combinations ( 
Temporal change in genome pattern abundance
*HA and NA genes are defined by phylogenetic clades in Fig. S1 (d, f, and g). The seven-gene combination of internal genes and NA was colour coded in the NA+internal column for visualizing in the HA phylogenetic trees and summary graphs. Asterisks in the total column represent genomes with significant detection (P 0.05) over the 8 years of this study period. (Fig. S2b) . There was no evidence to suggest that a particular genome pattern was dominant by the end of the study period.
Spatial change in genome pattern abundance
The dataset represented IAV genome sequences from 24 US states. The average number of whole genomes per state was 26, although the number in each state varied (Fig. S3) . Midwestern states had the greatest number of genome patterns and the largest abundance of collected genome sets. There was variation in the number of genome patterns that occurred in each state, with South Dakota and Nebraska having 10 patterns among 12 and 34 reported sequences, respectively; Oklahoma having 11 among 36 reported 
DISCUSSION
The human H1N1pdm09 has been repeatedly introduced into swine on a global scale since 2009 [13] , followed by observations of reassortment with endemic swine lineages. Monitoring reassortment and virus evolution at the genome level is crucial for understanding the evolution of different genotypes in the swine host and the phenotypic implications of the observed genome patterns. In this study, we identified the genome patterns of H1N1 and H1N2 collected from swine in the United States from 2009 to 2016. Similar studies with H3N2 viruses from US swine populations have been previously reported [6, 23] , but a comprehensive analysis of H1 IAV was lacking. Among the 616 unique genome sets for H1N1 and H1N2 viruses, 74 whole-genome patterns and 47 NA+internal patterns were identified. All of the H1 and NA lineages and phylogenetic clades found in this dataset were previously reported [9] . Our data demonstrate an increase in the number of genome patterns detected within all H1 lineages and across most clades, with this being most pronounced after 2011 (Fig. 1) . classic TTPPPT, H1-d1N2-2002 TTTTPT and H1-d2N2-1998 TTTTPT were particularly abundant in 2016; additional data on abundance over time will determine whether the recent increase is supportive of a benefit to H1 viruses with these genome patterns. Of the remaining 61 genome patterns that were not in the most abundant category of genome patterns, 55 occurred fewer than 5 times over the entire study period, 39 were only detected prior to 2013 and 13 genome patterns were detected exclusively from 2014 to 2016. These may exist in under-sampled populations, or be recently emerging to be found at higher frequencies in the future. Based on this high level of apparent plasticity in reassortment constellations between TRIG-containing viruses and H1N1pdm09 in swine, other genome patterns may be detected in the future as the H1N1pdm09 continues to be transmitted from humans to swine [13] . Although our data suggest that some genome patterns may have selective advantage in the swine population, additional laboratory and animal experiments are required to determine whether these genome combinations affect important measures of viral transmission and fitness.
The introduction of human seasonal IAV to swine and reassortment has been associated with subsequent antigenic evolution in multiple swine IAV lineages, including in southern China [24] and Europe [25] . Multiple internal Table 1 . Asterisks above bars indicate genome patterns that were significantly more abundant than other detected patterns from that particular year.
gene reassortants were frequently detected in southern China, but rarely detected in the European population. In the United States, the TRIG lineage was the predominant lineage prior to 2009. Recent records have shown that the H1N1pdm09 viruses have reassorted extensively with other co-circulating swine IAV in both H1 and H3 subtypes [9, 22, 23, 26] and gradually replaced the dominant TRIG lineage internal genes, especially the pdm-lineage M gene [23, 24, 27] . All eight pdm-lineage genes were detected in our study in various combinations with TRIG-lineage genes.
Compared to the most recent reports on H3 whole genomes [26] , 12 of the 24 internal gene patterns were also observed in the H3 subtype. Two internal gene patterns were identified as unique in the H3 subtype, while 12 additional internal gene patterns were only recognized in the H1 subtype. The detection of viruses containing all TRIG internal genes has decreased since 2009, and the three whole-genome patterns with a statistically supported decreasing trend contained 100 % TRIG-lineage internal genes. In contrast, the eight whole-genome patterns that were shown to be significantly increasing all contained at least one pdm-lineage gene. Incorporation of at least one pdm-lineage gene, particularly the M gene and then the NP and PA genes, were much more frequently detected after 2011. However, despite the predominance of pdm-derived M, NP and PA, there were frequent and consistent detections of TRIG lineage PB1 and PB2 genes, and this TRIG gene pair was detected within every increasing genome pattern. This may be related to the tightly controlled biological process of virus replication in which the PB1 and PB2 play a major role [28, 29] . Thus, our data suggest that a genome with TRIG PB1 and TRIG PB2 may have a selective advantage in the swine host.
Viruses with the HA derived from the H1N1pdm09 pandemic were detected throughout the entire period. However, the H1N1pdm09 HA was not found to be significantly associated with any other internal gene pattern and the vast majority of whole genomes were classified as 100 % pdm-lineage (i.e. H1N1pdm09N1-P PPPPPP). Most H1N1pdm09 detections in swine in the US appear to be reoccurring human-to-swine spillover events [13] . Our data indicate that following these spillovers, this HA and NA pair is less amenable to combination with reassorted internal genes, but continues to donate its internal genes to other endemically circulating HA and NA pairs. H1N1pdm09 viruses were reported to possess a higher functional balance in the HA-NA activity in humans compared to swine [30] , but precisely why H1N1pdm09 viruses, which have replaced H1 human seasonal viruses, are infrequently found with reassorted internal genes in US swine remains unclear.
Although no specific genome constellations were found to be significantly present in particular geographic locations, there were more genome patterns detected in the midwestern states relative to the total reports. Factors including lack of geographic separation, density of independent livestock production systems and pig movement may strongly influence the observed genome patterns and frequency of reassortment in this region. North Carolina in the southeast and Oklahoma in the southwest were shown to be sources of viruses of human seasonal H1-d lineages in a previous study [12] , and these areas continue to have higher detections of the H1-d2 HA lineage, but there was no apparent trend for particular NA+internal gene combinations. However, the majority of the data used in this study rely upon passive surveillance conducted by the USDA [9, 19] , and consequently may reflect participation in that programme rather than the true number of genome patterns in circulation.
Previous papers demonstrated that antigenic evolution was associated with reassortment [6, 18, 21, 22] and here we observed an increase in HA diversity concurrent with reassortment between the endemic H1 lineages and the H1N1pdm09. Vaccines against IAV are routinely used in swine in the US; however, the continued presence of such a diverse population of swine H1 IAV may limit the effectiveness of these vaccines [19, [31] [32] [33] . Although we have no vaccination history corresponding with our virus genome data, it is plausible to suggest that the increase in the number of H1 clades plus varying genome patterns will further confound vaccine control efforts. Additionally, given the large pool of H1 genomes currently in circulation, there is the potential for infrequently detected strains to rapidly gain the ability to replicate or be transmitted more efficiently via reassortment and/or mutation. From a total of 74 genome patterns across the 8 years, only 3 genome patterns were statistically significant over the study period. Eight genome patterns were detected as increasing significantly, and five genome patterns were decreasing significantly. Our data demonstrated that H1N1pdm09 internal genes are replacing many but not all of the TRIG internal genes. Spatially, there was no association between particular genome patterns and collection state, but qualitatively our data revealed that midwestern states contained the largest number of genome patterns, consistent with population density and pig transport patterns. These data can inform intervention strategies to reduce such genetic diversity and the design of experimental studies with the goal of understanding the persistence, increase and decrease of certain genes and genome patterns and how they affect the phenotype of swine IAV. [35] with default settings. The genes were then trimmed to coding regions and concatenated, and genomes with 100 % nucleotide identity were removed using mothur version 1.39.0 [36] .
METHODS
Following this curation process, the final set of genes was separated and maximum likelihood phylogenetic trees for each gene were inferred using RAxML version 8.2.4 [37] on the CIPRES Science Gateway [38] . We employed the rapid bootstrap algorithm, a general time-reversible (GTR) model of nucleotide substitution and G-distributed rate variation among sites [39] . Statistical support for individual branches was estimated by bootstrap analyses with the number of replicates determined automatically using an extended majority-rule consensus tree criterion [40] . From the maximum likelihood phylogenies, virus genes were assigned to previously established clade designations: HA genes were identified as H1-a, H1-b, H1-g, H1-g2, H1N1pdm09, H1-d 1, or H1-d2; NA genes were identified as N1-classic, N1-pdm, N2-1998, or N2-2002; and the internal genes PB2, PB1, PA, NP, M and NS were identified as TRIG (T) or H1N1pdm09 (P) [7, 9, 11, 12, 21] . A complete genotype was generated by combining the designations for all eight segments. To reduce the redundancy of strains from single outbreak events at swine exhibitions [16, [41] [42] [43] , viruses with identical genotypes collected on the same date, within the same state, and submitted by the Ohio State University through active swine surveillance swine exhibition projects were marked and grouped. From these data, a single randomly chosen virus from each group was included in subsequent analyses.
Time-scaled Bayesian phylogenetic analysis
To compare the temporal dynamics of each identified genome constellation, we implemented a time-scaled Bayesian approach for the HA gene. Given the deep divergence between the two major H1 lineages, we separated the data in two: the classical H1 lineage (including H1-a, H1-b, H1-g, H1-g2 and H1N1pdm09) and the human-seasonal H1-d lineage (H1-d1 or H1-d2). For each dataset, we employed a relaxed uncorrelated lognormal (UCLN) molecular clock [44] , a flexible Bayesian skyline demographic model (10 piece-wise constant groups) [45] , and a GTR model of nucleotide substitution with G-distributed rate variation among sites [39] . The MCMC chain was run for 300 million iterations with subsampling every 30 000 iterations for each group. These analyses used the BEAST package (version 1.8.4 [46] ) with the BEAGLE library (version 2.0.2, [47] ) on the CIPRES Science Gateway [38] . Three independent runs were conducted for both lineages and the results were combined with LogCombiner version 1.8.4. All parameters reached convergence, as assessed visually using Tracer version 1.6. The initial 10 % of the chain was removed as burn-in, and the evolutionary history was summarized using an annotated maximum clade credibility tree with TreeAnnotator version 1.8.4. Posterior probability values were used to assess the degree of support for each node in the tree.
Statistical analysis
To uncover trends in the genotype occurrence rates over time, we examined the counts of each genome pattern. Genome patterns that occurred fewer than five times during the 8-year period were grouped together and categorized as 'miscellaneous', leaving the counts of P=19 genotypes to analyse.
To identify the significantly more abundant genotypes in each year and overall, we assumed the observed counts of the genome patterns in each year were Poisson distributed with possibly distinct mean occurrence rates. We then hard clustered the count data to identify the subset of genome patterns with the highest occurrence rate. Specifically, we assumed that the genome pattern counts Y 1 , Y 2 , … , Y 19 for 1 year could be partitioned into K groups with distinct means l K = (l1, l2, … l K ). Let C K ={C 1 , C 2 , … C K }C K ={C 1 , C 2 , … C K } be a partition of [19, 33] , so C K is the set of patterns in cluster K, then the likelihood is
For a given K, we maximize this likelihood over means l K and partition C K . To select K, we progressively tested H 0 :K=k against H a :K=k+1 using the likelihood ratio L(l K+1 , C K +1 |,
as the test statistic and parametric bootstrap with 1000 replications to compute the P-value. P-values were adjusted for multiple tests by Holm's method [48] and K was chosen to be the first k for which H 0 could not be rejected at a family-wise error rate 0.05. The analysis was repeated for each year and the summed counts across all years. The genome patterns in the cluster with the maximum l K were considered to be significantly more abundant than all of the others.
To identify which genome patterns increased or decreased significantly during the 8-year study period, we performed Poisson regression using R version 3.2.4 [49] . Let l i be one of the 152 (8 years, 19 genotypes) observed genotype counts and X i '=(X i, 1 , X i, 2 , … , X i, 20 ) be the predictors, where X i, j is 1 if the genotype is j p, 0, 0 otherwise, and X i, p+1 X i, P+1 X i , P+1 is the year. Then we regressed Y i on X i using Poisson regression with log link. In particular, we were interested in the coefficient of the interaction X ij X i, p+1 , 1 j p, which indicates an increase or decrease in the genome patterns over time.
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